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mats	 that	eventually	generate	consolidated	mud	platforms	or	pro-thrombolites	 (unlithified	 thrombolites).	Pro-throm-
bolite	platforms	grow	seaward	and	 form	spits	 that	alter	water	 flow	and	promote	sand	deposition	 that	develop	 into	
barriers,	 thus	 influencing	 coastal	 geomorphology,	 promoting	 lagoon	 formation.	 In	 this	 paper	 we	 provide	 evidences	


























cyanobacteria	 that	 trap	 and	 bind	 sediments,	 and	 resist	 erosion	














these	 were	 thrombolithic	 in	 nature	 (Siqueiros-Beltrones,	 2008).	
Thrombolites	have	been	defined	as	benthic	biosedimentary	struc-
tures	generated	by	the	entrapment,	binding,	and	consolidation	of	




investigating,	 inasmuch	 the	 platforms	 initially	 recorded	 from	 La	
Paz	lagoon	were	described	as	pro-thrombolites,	i.e.,	non	lithified	
sedimentary	 structures	 generated	 by	 the	 growth	 of	 cyanophyte	
mats,	 i.e.	 clotted	 sediments	 with	 inclusions	 of	 shell	 fragments,	













consolidated	 platforms	 lacking	 a	 cyanobacterial	 cover	 strongly	
resemble	 the	 microbialithic	 structures	 from	 the	 Bahamas,	 as	 in	
Whitton	and	Potts	(2000).
Living	 microbialites,	 including	 those	 in	 the	 Baja	 California	
peninsula,	are	important	for	the	understanding	of	recent	environ-
mental	changes,	and	because	thrombolites	and	other	microbial-
ites	 are	 also	 represented	 in	 the	 ancient	 geological	 record,	 this	
information	is	critical	for	the	understanding	of	past	environments	
as	well.	In	particular,	pro-thrombolites	forming	today	around	the	
La	 Paz	 lagoon	 margins	 exert	 important	 changes	 in	 the	 overall	
geomorphological	development	of	the	area,	including	landscape	
changes	 and	 alteration	 of	 water	 flows	 and	 upper	 tidal	 limits	
(Siqueiros-Beltrones,	2008).
Geomorphology of coastal lagoons. Most	 coastal	 lagoons	
are	 closely	 related	 to	 the	 presence	 of	 a	 sand	 barrier	 or	 barrier	
islands.	Nonetheless,	the	geomorphological	mechanisms	for	the	
formation	 of	 barriers	 are	 not	 fully	 understood	 and	 their	 origin	
has	 been	 the	 subject	 of	 debates	 for	 more	 than	 a	 century.	 Sev-
eral	explanations	or	models	have	been	proposed	on	sand	barrier	
formation	from	which	three	theories	are	said	to	prevail	(Kjerfve,	
1994).	 One	 of	 them	 is	 the	 existence	 of	 low	 lying	 areas	 or	 spits,	
i.e.,	 extensions	 of	 beaches	 that	 protrude	 into	 a	 bay	 as	 a	 result	
of	deposition	of	sediments	carried	by	 long-shore	currents.	Like-
wise,	 the	formation	of	coastal	 lagoon	barriers	depends	on	sand	
supply,	 wave	 energy,	 and	 tidal	 fluctuations	 (Phleger,	 1969).	 Yet,	
deposition	 alone	 does	 not	 imply	 permanence	 of	 the	 sediments,	
unless	a	cohesive	agent	 is	at	play.	Conspicuous	cyanobacterial	
mats	 growing	 in	 coastal	 lagoon	 environments	 may	 play	 such	 a	
role.	Hence,	we	propose	 the	 inclusion	of	a	 long-term	biological	


















posed	 by	 the	 former	 authors	 needed	 to	 trigger-off	 and	 mantain	
the	 growth	 of	 the	 sandbar	 lacked	 a	 feasible	 origin.	 It	 was	 thus	
proposed	 that	 pro-thrombolithic	 growth	 might	 have	 defined	 the	
hypothetical	 spit	 where	 the	 armpit	 of	 the	 La	 Paz	 lagoon	 is	 de-
fined.	Through	continuous	growth,	this	provided	a	basement	for	
the	development	of	the	sandbar	El	Mogote	that	transformed	the	






lithic	 platforms	 might	 have	 played	 and	 could	 still	 be	 playing	 an	































lacunar	 and	 non-lacunar	 environments	 in	 the	 Gulf	 of	 California	
are	 so	 far	 inexistent.	 Second,	 that	 the	 transition	 between	 con-
glomerated	mats	and	thrombolites	should	be	found	somewhere	in	
the	intertidal	margins,	because	coastal	lagoon	margins	continue	

























mangrove	 (Avicennia germinans	 (Linnaeus)	 Stearn,	 Rhizophora 







is	 the	 most	 common	 mangrove	 recorded	 although	 Rhizophora 









cularia racemosa is	 very	 common.	 Several	 sites	 were	 explored	
specifically	around	Puerto	San	Carlos	where	thrombolithic	plat-
forms	were	exposed	and	structures	assumed	to	represent	tran-




(Fig.	 1)	 were	 recorded	 along	 vast	 extensions	 of	 exposed	 sandy	
beaches.	There	the	vegetation	consists	mostly	of	macroalgae	in	
both	the	intertidal,	and	in	the	subtidal	along	with	many	other	foul-
ing	 species	 that	 use	 the	 thrombolithic	 platforms	 or	 boulders	 as	




Observation of pro-thrombolithic formations. Observations	
of	pro-thrombolites,	thrombolites,	and	conglomerated	mat	struc-
tures	 associated	 with	 mangroves	 carried	 out	 in	 the	 southern	
part	of	the	Gulf	of	California	came	mainly	from	Bahía	de	La	Paz,	
particularly	La	Paz	lagoon.	We	added	observations	of	structures	
located	 in	 the	sandbar	and	 from	Marina	Sur	a	previously	unex-
plored	site	inside	the	lagoon	(Fig.	1).	These	structures	were	found	
on	the	basis	of	the	hypothesis	that	the	pro-thrombolihtic	process	
should	be	common	throughout	 the	 inside	margins	of	 the	 lagoon	













northwest	(Las	Brisas)	of	 the	La	Paz	 lagoon,	 inside	Bahía	de	La	












microscopic	 analysis	 to	 identify	 the	 filamentous	 cyanobacteria	
covering	 the	 structures.	 And	 likewise	 for	 comparing	 sediment	
248	 Siqueiros	Beltrones	D.	A.	et al.
	 Hidrobiológica
texture	 and	 mineralogy	 of	 the	 consolidated	 and	 soft	 structures	
with	those	described	in	Siqueiros-Beltrones	(2008).
Microbiological observations. Wet	 mounts	 were	 prepared	
with	 samples	 from	 the	 surface	 of	 pro-thrombolites	 sampled	 in	
San	 Carlos.	 Portions	 of	 the	 samples	 were	 shaken	 with	 distilled	
water	in	essay	tubes	and	subsamples	recovered	for	observation	
(Siqueiros-Beltrones,	 2008).	 Wet	 mounts	 were	 observed	 under	
phase	 contrast	 microscopy	 and	 photographed	 using	 Kodak	 400	
ASA	film.
Analysis of thrombolithic and pro-thrombolithic structures. 
As	 previously	 described	 for	 the	 La	 Paz	 lagoon	 (Siqueiros-Bel-












by	 hand,	 and	 acetone	 and	 hexametaphosphate	 were	 added	 to	
remove	 organic	 matter	 and	 to	 preclude	 the	 cohesion	 between	
grains,	 respectively;	 texture	analysis	was	done	with	 the	LPA;	4)	
This	part	was	impregnated	with	epoxy	to	make	a	thin	section,	and	










Sample 	 A A1 A2 B B1 B2 C C1 C2 D D1 D2 E E1 E2
Process Crumbled	by	hand x x x x x
	 Impregnated x x x x x
	 Treated	with	HCl x x x x x
Equipment Petrographic	
microscope
x x x x x x x x x x
	 Magnifying	glass x x x x x
Hardness Semi-consolidated x x x x x x x x x
	 Non-consolidated x x x x x
Organic	mater 	 P A A A A
Minerals Quartz A A A A A A A A A A A A A A A
	 Phelderspate-
plagioclase
P P P P P P P
	 Amphibolites P P MA MA P MA P
	 Hornblend A P P P P p
	 Olivine P P P P
	 Phosphate	oolites P P P P P P P P P P
	 Opaque	minerals P P p




	 Microsparite A S
	 Micrite P
Reaction	to	HCl 	 St W VW VW
















Description of thrombolithic and pro-thrombolithic forma-







the	 consolidation	 (lithification)	 and	 separation,	 probably	 due	 to	
erosion,	of	 the	 latter	which	are	millions	of	years	old	versus	 the	
few	 hundreds	 of	 years	 of	 the	 former.	 These	 showed	 the	 same	
clotted	 matrix	 and	 sheet	 cover	 as	 other	 pro-thrombolithic	 plat-
forms	described	earlier	for	the	lagoon	(Fig.	6).







episodes	 could	 be	 identified	 based	 on	 the	 two	 observed	 strata	
in	this	location	(Fig.	10);	the	platforms	exhibited	perforations	that	







mangroves	 may	 be	 supported	 by	 fossil-like	 structures	 from	 El	
Mogote	in	the	La	Paz	lagoon.	These	complex	formations	derived	
from	 the	 interaction	 between	 dead	 mangrove	 root	 systems	 and	
pro-thrombolites	(Figs.	13-15),	are	most	likely	rhizoliths.
The	 exploration	 for	 thrombolithic	 and	 pro-thrombolithic	







Granules 1-2 3.59 0.00
Very	coarse	sand -0.75-0 18.72 0.62
Coarse	sand 0.25-1 16.95 7.30
Medium	sand 1.25-2 28.35 36.90
Fine	sand 2.25-3 23.15 41.55
Very	fine	sand 3.25-4 3.56 7.07
Silt-clay 4.25-14.5 5.69 6.56
	 f B B1
Granules 1-2 4.92 0.00
Very	coarse	sand -0.75-0 25.76 6.97
Coarse	sand 0.25-1 15.60 9.28
Medium	sand 1.25-2 20.82 30.73
Fine	sand 2.25-3 18.96 34.19
Very	fine	sand 3.25-4 4.56 6.16
Silt-clay 4.25-14.5 9.40 12.78
	 f C C1
Granules 1-2 0.25 0.21
Very	coarse	sand -0.75-0 3.43 5.32
Coarse	sand 0.25-1 4.84 1.65
Medium	sand 1.25-2 25.83 28.99
Fine	sand 2.25-3 44.10 50.05
Very	fine	sand 3.25-4 7.03 6.31
Silt-clay 4.25-14.5 14.59 7.45
	 f D D1
Granules 1-2 0.00 5.06
Very	coarse	sand -0.75-0 0.00 1.30
Coarse	sand 0.25-1 26.54 29.01
Medium	sand 1.25-2 56.11 51.12
Fine	sand 2.25-3 9.64 7.72
Very	fine	sand 3.25-4 7.68 5.69
Silt-clay 4.25-14.5
	 f E E1
Granules 1-2 0.00 0.00
Very	coarse	sand -0.75-0 1.25 1.29
Coarse	sand 0.25-1 4.28 8.71
Medium	sand 1.25-2 31.82 34.92
Fine	sand 2.25-3 35.58 38.04
Very	fine	sand 3.25-4 6.40 8.52











done	 in	 Bahía	 Concepción	 specifically	 at	 El	 Requesón. There,	
thrombolithic	platforms	showing	different	stages	of	development	
were	 associated	 to	 other	 geological	 processes	 besides	 those	
of	 sedimentary	 nature	 (embedded	 boulders).	 We	 recorded	 a	
platform	 of	 a	 muddy	 appearance	 located	 landward	 and	 a	 more	
defined	(cemented)	one,	albeit	associated	to	a	Laguncularia rac-
emosa	specimen	(Figs.	21-	22).
In	 order	 to	 gather	 information	 on	 the	 proposal	 that	 pro-
thrombolithic	ground	formation	influencing	the	geomorphology	of	
coastal	 lagoons	occurs	all	 throughout	the	Gulf	of	California	and	
the	 rest	 of	 the	 Mexican	 NW,	 we	 explored	 the	 coast	 of	 Sonora.	
The	closest	and	more	recent	observations	to	these	lagoons	were	
done	 at	 Estero	 El	 Soldado	 in	 Guaymas,	 where	 the	 same	 con-
glomerated	 formations	were	noted	along	with	 thrombolithic-like	
platforms,	also	associated	 to	mangroves	 (Fig.	23).	This	 initiative	
however	came	from	viewing	a	slide	from	Estero	Santa	Rosa,	So-
nora	that	showes	Seri	Indians	seating	on	prothrombolithic	blocks	























Microscopic	 examination	 of	 the	 above	 samples	 however	
revealed	 mostly	 sediments	 together	 with	 empty	 sheaths	 and	
drying	 filaments	 mainly	 of	 Microcoleus chthonoplastes that	 are	
also	 common.	 However,	 green	 (live)	 filaments	 of	 Microcoleus 
chthonoplastes (Figs.	28-30)	and	Lyngbya aestuarii are	 less	 fre-
quent.	The	scaffold	function	of	the	microbial	mat	is	evidenced	by	
the	 presence	 of	 soft	 bridge-like	 structures	 (Fig.	 31)	 as	 the	 (lith-
ified)	one	in	Isla	Espíritu	Santo	(Fig.	18),	in	which	empty	sheaths	














the	 transitional	 structures	 between	 mats	 and	 thrombolites	 are	





































ulation	 (Kazmierczak	 et al.,	 1996;	 Paerl	 et al.,	 2001),	 it	 has	 been	













In	 the	 above	 scenario,	 activity	 would	 continue	 as	 long	 as	
a	 cyanobacterial	 cover	 remained	 on	 the	 conglomerated	 sedi-




A	 report	 by	 Holser	 et al.	 (1981)	 at	 Laguna	 Ojo	 de	 Liebre	
(Guerrero	Negro,	B.C.S.)	supports	our	observations	that	the	main	
cyanobacteria	species	Microcoleus chthonoplastes and	Lyngbya 
aestuarii involved	 in	 pro-thrombolithic	 processes	 are	 the	 same;	
these	taxa	are	important	components	of	microbial	mats	in	several	
parts	of	the	La	Paz	lagoon	(García-Maldonado,	2005)	and	particu-
larly	 those	 associated	 to	 pro-thrombolites	 (Siqueiros-Beltrones,	
2008).	Moreover,	the	former	species	is	known	to	be	the	dominant	
taxon	 in	 marine	 intertidal	 microbial	 mats	 worldwide	 (Stal	 et al.,	
1985).	Although	present	at	San	Carlos,	diatoms	were	not	exam-
ined,	and	further	floristic	analyses	were	not	done	for	the	cyano-
bacteria	 inasmuch	our	sole	 interest	was	 focused	on	confirming	
the	dominant	taxa	involved	in	the	pro-thrombolithic	process.
Microbial	structures	are	common	along	the	Baja	California	
Peninsula,	 including	 stromatolites	 (Miranda-Avilés	 et al.,	 2005)	



















ated	 mats	 and	 pro-thrombolithic	 ground	 that	 eventually	 was	 to	
be	occupied	by	human	settlements	or	mangroves	(Siqueiros-Bel-
trones	 et al.,	 2009).	 Thus,	 the	 seaward	 development	 of	 spit-like	




The	 above	 observations	 show	 that	 the	 described	 process	














promoted	 pro-thrombolite	 formation.	 Said	 process	 is	 further	
enhanced	 within	 the	 formed	 coastal	 lagoon.	 We	 have	 recently	
observed	 that	 similar	 non-lacunar	 thrombolithic	 platforms	 and	
pro-thrombolithic	 grounds	 are	 common	 off	 the	 coast	 of	 Yuca-
tán,	 Mexico.	 Most	 likely,	 this	 process	 occurs	 in	 other	 parts	 of	







(Dawes,	1981;	Kathiresam,	2003)	 is	a	preexisting	process	 that	 is	
accelerated	by	mangroves	after	colonizing	suitable	areas	(Wood-
roffe,	 1992).	 Our	 study,	 provides	 observations	 supporting	 that	
ground	 formation	 is	 initially	 carried	 out	 by	 cyanobacterial	 mats	
through	 binding,	 stabilizing,	 and	 clotting	 sediments,	 leading	 to	
the	 development	 of	 pro-thrombolithic	 platforms,	 and	 that	 these	
substrates	are	opportunistically	colonized	by	mangrove	recruits,	
as	depicted	in	figures	32-36	that	show	no	mangrove	recruits	off	
the	 microbial	 mats	 or	 off	 the	 microbialites.	 Plus,	 although	 man-
grove	 recruiting	 has	 been	 observed	 to	 occur	 on	 other	 type	 of	
rock	where	mangrove	trees	thrive,	in	the	costal	lagoons	we	have	
surveyed,	 both	 mangrove	 recruits	 and	 trees	 are	 only	 observed	
anchored	 either	 in	 conglomerated	 mats	 or	 in	 thrombolithic/pro-
thrombolithic	 outgrowths	 but	 not	 in	 the	 sand.	 Furthermore,	 ac-
creting	mats	 (conglomerated)	develop	extensively	 in	 the	 lagoon	
beaches	were	mangroves	have	not	yet	colonized	(Fig.	2)	though	
we	 have	 observed	 ephemeral	 recruiting	 on	 them	 in	 La	 Paz	 la-
goon.	The	above	supports	our	hypothesis	that	ground	formation	
















(1979)	 assumption	 “let	 us	 now	 make	 the	 bold	 speculation	 that	
(coastal)	 lagoons	 formed	 as	 a	 consequence	 of	 the	 presence	 of	
life	in	the	sea”	comes	into	focus	with	prophetic	connotation.
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